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Abstract 
The In Salah Gas Joint Venture CO2 storage project has been in operation in Algeria since 2004 and is currently the world’s 
largest onshore CO2 storage project. CO2 is injected into a saline aquifer of a gas reservoir several km away from the gas 
producers. Current focus in the project is on implementing a comprehensive monitoring strategy and modelling the injection 
behaviour in order to ensure and verify safe long-term storage. A key part of this effort is the understanding of the processes 
involved in CO2 migration within relatively low-permeability sandstones and shales influenced by fractures and faults. We 
summarise our current understanding of the fault and fracture pattern at this site and show preliminary forecasts of the system 
performance using Discrete Fracture Models and fluid flow simulations. Despite evidence of fractures at the reservoir/aquifer 
level, the thick mudstone caprock sequence provides an effective flow and mechanical seal for the storage system; however, 
quantification of the effects of fracture flow is essential to the site verification. 
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1. Introduction 
Carbon Capture and Storage (CCS) is in the focus of interest of a growing scientific community due to its 
potential contribution to mitigate global warming. Deep saline aquifers are an important class of geological 
formations that may be utilized for safe long-term underground storage of CO2. The long term reliability of 
underground storage in such aquifers depends on a number of interrelated trapping mechanisms for CO2 and a 
consistent understanding of caprock sealing efficiency and well integrity within realistic bounds of uncertainty. To 
be able to prove the applicability of CCS on an industrial scale and to verify results from more academic research, 
large scale pilot test sites are essential. The Norwegian Sleipner offshore CO2 storage success story is the most 
prominent and largest pilot so far, see Zweigel [1]. The Krechba site, within the In Salah gas field development, is 
currently the world’s largest onshore CO2 storage site [2]. At Krechba CO2 from the gas stream of three producing 
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gas fields is being removed and re-injected in a saline aquifer of Carboniferous age. The storage unit is at 1880m 
depth with an initial pressure of 175 bars and a temperature of 93°C. Figure 1 shows a cross-section of the Krechba 
field.
This demonstration project is of particular interest for the development of future CO2 storage sites for a number 
of reasons. The fact that the CO2 is injected down flank into a producing gas field means that we can benefit from 
extensive characterization work which is usually performed by oil companies to estimate the economic viability of a 
hydrocarbon discovery. The In Salah site therefore helps us to identify the value and cost effectiveness of data 
acquisition for stand alone CO2 projects where the costs and value of data acquisition may be an issue. Secondly, 
early characterization work confirmed that we have a heterogeneous geological system, which is probably more 
typical of other storage locations, in contrast to the fairly homogenous, high-permeability sands at the Sleipner 
storage site. At Krechba we observe low to medium permeable (10–100mD) sandstones with occasional appearance 
of fractures and small faults in both the reservoir unit and in the adjacent Carboniferous mudstone and siltstone units 
of the caprock. The Carboniferous faults are difficult to predict from seismic data, but a good understanding of the 
fault system is essential for a consistent evaluation of the fracture system. In this paper we discuss our current 
understanding of fault and fracture properties at Krechba, which is essential for realistic predictions of CO2 flow 
behavior at this site. Furthermore, an extensive monitoring program is underway [3] to improve the characterization 
of the Krechba field as storage location and to verify the applicability of a number of monitoring methods for CO2
storage purposes. 
Figure 1: Schematic cross section of the In Salah CO2 storage site at Krechba showing the key features of the reservoir and cap rock units. 
2. Faults and fractures in the context of CO2 storage 
Natural and artificially-induced hydraulic fractures have been identified, alongside well-bore integrity, as the 
most important factors in risk assessment of CO2 storage [4]. Fractures occur in nearly all geological settings and 
play a major role for hydrocarbon migration as well as entrapment [5,6]. Recent advances in improved seismic 
resolution, borehole imaging and drilling technologies make it now possible to identify fractures and their properties 
to a higher degree of accuracy. When possible, as in the situation where the CO2 storage site is combined with a 
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hydrocarbon production site, production data (e.g. well tests, mud losses, and well logs) may give further valuable 
information. 
The impact of fractures on fluid flow is challenging to quantify due to (1) the complexity and varying nature of 
fractures, (2) their representation in grid meshes for fluid flow simulation, (3) the correct mathematical description 
of the physical processes, and (4) the computationally demanding solution of the governing equations. 
For tight gas reservoirs and low permeable cap rock structures, where the permeability is controlled by fault and 
fractures, a good characterization of the fracture network is essential. It is important to know: (a) the spatial 
distribution of faults and fractures, (b) their orientation, (c) their conductivity and (d) their overall contribution to 
effective permeability. The main sources of information to build models of the fracture networks are relevant 
outcrops, seismic data (for larger scale structures), borehole image log data, and information on micro fractures from 
cores. Additional knowledge can be obtained from drilling operation data, especially mud loss monitoring. 
However, due to cost constraints, collection of subsurface data is generally restricted to geological intervals 
important for the optimization of hydrocarbon productivity and basic information of caprock properties is therefore 
often sparse. 
In the context of CO2 storage, fractures have always been regarded as potential escape routes for CO2, which 
could damage the prospective storage ability of a specific storage site [7]. Fractures have low storage and high 
permeability values compared to the surrounding host rock (matrix). These high permeabilities of the fractures could 
potentially allow CO2 to migrate quickly through the cap rock to the surface or to neighbouring aquifers. Local 
pressure increase caused by CO2 injection can also lead to hydro fracturing in the vicinity of wells. At the same time 
it is evident from the existence of trapped and producible hydrocarbons that the long-term sealing capacity of 
caprocks is generally effective, as is the case at Krechba. Despite the increasing body of work on improving the 
understanding of individual aspects of CO2 storage it is still a demanding task to make long-term predictions that 
account for the complexity of coupled multi-process systems, Figure 2. We need a good understanding of the 
interplay of scale-dependent, non-linear multiphase processes in a heterogeneous geological environment in order to 
predict the long term behavior and flow direction of a CO2 plume in a robust matter. As an important step in this 
process we describe in our work on improved characterization of the fault and fracture properties of the Krechba 
CO2 storage site.  
Fracture Flow
Rising CO2 plume 
due to buoyancy 
Viscous Fingering 
Diffusion
of CO2
CO2 supercritical gas injection 
Mixing Zone 
due to 
Figure 2: Main flow processes of CO2 in with brine saturated fractures to be covered. 
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3. Fault and fracture characterization at In Salah 
3.1. General 
In the exploration and early phase, the Krechba site was described as a low relief anticlinal structure with no 
significant faults. During drilling of horizontal injectors in 2002 it was recognized that fractures and small faults 
could play a role when the field began production. Some lost circulation zones were observed whilst drilling through 
the lower overburden and reservoir sections. Some of the wells encountered conductive fractures in the Visean 
(shale) section and the reservoir itself also shows the presence of fractures and small faults. Image logs from 4 wells 
were analysed and fracture interpretations performed. A strike-slip stress regime has been inferred, in agreement 
with regional data, where the maximum horizontal stress (NW-SE) is greater than the vertical stress. 
A potential fluid overpressure zone was also identified in a siltier mudstone layer in the lower Visean between 
1720m and 1760m depth, having a pore pressure of 1.17 SG. The Tournasian C10 reservoir is sub-normally 
pressured. To date, there are no signs of fluid compartmentalisation within the Krechba gas reservoir. 
A stress analysis study indicated that the potential fracture shear failure pressure is around 2.1 MPa (in the 
current strike slip stress regime). Results from history matching the (Eclipse) reservoir simulation model appear to 
indicate the need for a significant permeability increase due to fractures. 
3.2. Faults and seismic data 
The limited quality of the 3D seismic data did not allow a straight-forward fault analysis. However, recent 
reassessment of coherence data, time-slice images and curvature data compared with the depth-migrated seismic 
surface did help to identify the most likely fault pattern, Figure 3. Of special interest was a possible fault in the 
vicinity of injection well KB-502. This fault may help to explain an enhanced pathway of migrating CO2 from the 
Kb-502 injector towards the NW [8]. 
3.3. Core data 
A set of core samples from 4 wells were used to estimate the nature of potentially conductive fractures. Several 
partially-cemented fractures were identified in core and show evidence of being conductive at surface conditions, 
Figure 4, while other fractures are fully cemented and non-conductive. These core data confirmed the nature of the 
near-vertical fractures identified from image logs (FMI) as being natural sub-vertical fractures (or joints) controlled 
by the present-day stress field. However, to extrapolate the state of conductivity to subsurface conditions requires a 
rock mechanical model conditioned to well test data. 
3.4. Image lag data (FMI) 
Interpreted image logs from two wells, KB-14 and KB-502, were used. The image log from Kb-14 covered the 
deeper part of the overburden (interval C20.3), close to the reservoir while the image log at KB-502 covers the 
reservoir section. All data show a clear near-vertical NW-SE fracture orientation, Figure 4. Statistics from Kb-14 
show clear stratigraphic zonation of fractures and some lithological control. Apertures estimated from the FMI data 
are in the range of 10-4m to 10-3m (but these values may be affected by well-bore damage). FMI fractures do not 
usually coincide with mud-loss events which tend only to detect the most conductive fractures.  
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Figure 3: Top reservoir contour map with production and injection wells together with faults (green), and likely fault in KB-502 area on top 
reservoir level embedded in porosity map (right). 
Figure 4: Fracture data from core and images logs: (left) partially cemented fracture in core sample from well Kb-2, (right) fracture orientation 
from FMI image log in well Kb-502 (courtesy of Schlumberger and the EU CO2ReMoVe project). 
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, were 
inferred in the Viséan formation, associated with the largest mud-loss events. Partial mud loss events were 
s with apertures of about 0.5 mm, both in the lower Viséan shale and in the Tournaisian 
reservoir. Data from well Kb-14 also showed that fractures within the reservoir had apertures in the range of 0.5 mm 
to 
cture properties we have inferred for the model. These values represent initial best estimates 
an ould be understood that we still need to operate with uncertainty ranges centered on these estimates. The 
Figure 6: Sketch showing fracture parameters for the reservoir and caprock section (900m - 1900m) as inferred from different sources of 
characterization; FMI and OBMI= image logs, core= core inspection, Mud loss=inferred from mud-loss analysis during drilling. 
3.5. Mud loss data 
We used data from mud loss events during drilling to improve our general understanding of the fault and fracture 
distribution and to define a range of likely fracture apertures. In Kb-502 the maximum apertures, around 1mm
associated to fracture
1mm. These apertures, however, give an upper limit as mud loss events could be due to multiple fractures. 
3.6. Summary 
We have used the available data to improve our understanding of fault and fracture properties. Figure 6 gives a 
summary of the key fra
d it sh
estimates may change as more data, especially dynamic data, becomes available. However, these estimates from the
Krechba CO2 storage demonstration case represent a good initial estimate which may be useful for future evaluation 
of CO2 storage safety. 
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4. Fracture modeling and simulation 
4.1. DFN modeling 
A Discrete Fracture Network (DFN) is a representation of fracture properties in which the fractures are 
represented explicitly in a 3D model. As a first step in our simulation efforts, we built a DFN around KB-14, Figure 
5. The here displayed DFN covers an area of 800x400 m2, with a thickness of 20 m. The fractures belong to one 
facies, are stratabound and have a nearly uniform orientation. 
Figure 5: DFN around well KB-14 with a uniform fracture network.  
4.2. Simulation work 
The commercial software package Eclipse has been used to perform compositional simulations on a sector model 
to estimate the influence of varying fracture properties on the movement of the CO2 plume from well KB-502. We 
modified a history-matched full field model to a sector model around Kb-5 and Kb-502. This model was then used 
for a sensitivity analysis of the fault/fracture permeability. This area is of particular interest because of the observed 
breakthrough of CO2 at an appraisal well, KB-5. Surface deformation data from Satellite (InSAR) also gives us a 
picture of plume development in this area [3]. Figure 6 shows the modeled position of the CO2 front after two years 
of injection. The model includes a high-permeability corridor along the suspected fault (Figure 3). An enhanced 
PERMX value of 1000mD along this fault is assumed for this particular case. Sensitivity analyses and history 
matching work show that a range of around 1000-4000 mD is plausible to explain the CO2 breakthrough to KB-5. 
5. Conclusions and further work 
This paper presents our current knowledge on the characterization of faults and fractures at the important CO2
storage demonstration site at In Salah. Understanding CO2 flow in fractured rock involves complex coupled 
processes and many challenges. However, by integrating difference data sources and using available modeling tools 
we are able to make plausible predictions of short-term CO2 migration in the aquifer, and these insights help to build 
confidence in the long-term performance assessments. In our ongoing work on fracture simulation, we plan to 
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replace the simplified fault and fracture representation with a discrete fracture network (DFN) model in order to 
model flow in the fractured rock units more accurately. 
Figure 6: Eclipse simulation showing the influence of permeability variations for the fault conduit between Kb-5 and Kb-502. The position of the 
CO2 front (in red) after two years of injection after applying a PERMX*1000 fracture-flow enhancement factor for the inferred fracture corridor 
(green). 
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